The Capsicum genus is one of the most popular plants consumed and cultivated worldwide, containing approximately 50 000 varieties of pepper. Due to its wide biodiversity, the chemical composition within the genus also presents a great variability. Its major applications are in food and pharmacological industry, as pepper presents a chemical composition rich in capsaicinoids, carotenoids, flavonoids and volatile compounds which is attributed to the ability of the fruit to remove insipidity, produce aromas and act against oxidative diseases. Due the existence of several cultivars there is a huge intraspecific chemical variability within each species, which can be considered as an obstacle when selecting and cultivating a species to be applied as a natural product source for a specific objective. The usage of pepper-based products in different industrial areas requires pre-established ranges of chemical compounds, such as capsaicinoids, which in high concentration are toxic when consumed by humans.
Introduction
Capsicum is the most economically important genus in the Solanaceae family, composed of nearly 30 species.
1 Their fruits, popularly known as peppers or chili, present a bell-shape and a wide range of colors, such as yellow, green, red and orange. They have been largely used by human society as a herb and spice, presenting the rst records of usage dating back to 7000 B.C., as part of the Mexican Indians' diet.
2
The production and usage of Capsicum fruits has spread worldwide since the marine exploration period, 2,3 when several civilizations started to consume and cultivate them, which were able to adapt and be domesticated in different environmental conditions due to the hybridization process. 2, 4, 5 The fast increase of their popularity was due to their outstanding properties, for instance, it is known that before 1600 B.C. the fruits had been used as pigments, food spices and in the treatment of stomach disorders and headaches. 2, 6, 7 Pepper usage in food and as a medicine has attracted several researchers to study each of the chemical properties attributed to the characteristics of peppers. Meanwhile, the consumption of Capsicum fruits spread and acquired more applications, mainly as medicines.
2,6,8-12
Later on, with the development of research within the genus species, their properties were attributed to the abundant presence of carotenoids, avonoids and capsaicinoids in the peppers. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] In addition, the three chemical classes had already been reported as bioactive compounds, 18, [23] [24] [25] the rst two metabolites are also responsible for the attractive colors of peppers, while capsaicinoids attribute a taste characteristic known as pungency, which is responsible for the worldwide popularity of these fruits. 26 Pungency consists of an irritation in the terminal nerves that produce a sensation of pain and heat, which enables its application in culinary uses as an efficient form to remove insipidity and attribute new tastes to meal. 18 Recently, Capsicum fruits have been applied in various industries as spices, food colorants, painkillers, cardiovascular protectors, anti-inammatories, antioxidants, anticancer and antitumor agents. 15, 18, 19 The application of peppers as a raw material for industry depends on the content of the bioactive compounds within the fruits. These fruits are usually applied in industrial processes as a dry powder (paprika) or an oleoresin (concentrated extract of essential oils, waxes, carotenoids, avonoids and capsaicinoids).
27-29
These pepper-based products are usually bought from a producer and later applied in several industrial purposes. Thus, the same oleoresin or paprika used for pharmacological formulations may be applied in the food or military industry.
An implication of this is the possible loss of effectiveness and efficiency of the product, as each objective requires a specic chemical prole. [33] [34] [35] [36] [37] For instance, the military usage of Capsicum oleoresin requires a product with less than 1.6% of capsaicinoids content, 37 the colorant paprika requires the presence of red fraction carotenoids 38, 39 and for pharmacological usage the capsaicin concentration cannot be greater than 2.64 mg.
40,41
As the chemical prole of pepper varies in accordance to the species, seasonality, environmental conditions and even the life cycle of the plant, 5, [22] [23] [24] [42] [43] [44] [45] it can be difficult to choose the Capsicum species and cultivars that are economically protable to a specic objective. 29, 41, [46] [47] [48] [49] Therefore, to comprehension of the properties, composition and factors affecting the chemical prole of Capsicum fruits may assist the selection of cultivar/ cultivation method; advancing the industrial usage of pepperbased products, increasing the productivity and the development of post-harvest technology. 18, 25, 50, 51 Additionally, as the hybridization processes promote the existence of several cultivars with similar morphologic characteristics, it is difficult to distinguish each cultivar 44, 52, 53 and identify them unambiguously. Increasing the productivity and effectiveness of a pepper-based product will also require an unequivocal identication of the cultivar which is being used. A tool that can be used to enhance the systematic identication of the genus is the application of the chemical prole to characterize each cultivar. 4, 54, 55 Despite the large quantity of reviewed papers covering Capsicum bioactivity, 14, 15, 18, 19, 22, 51 few have reported on the phytochemistry perspective and applications. 56 In this paper we propose to present a review of the major secondary metabolites within the Capsicum genus that may subsidize the development of its industrial/commercial usage and chemosystematics approaches, focused on cultivars identication.
Capsaicinoids
Capsaicinoids (CAPS) consists of a group of substances closely related with an alkaloid typical molecular structure, produced only within the Capsicum genus, and capable of producing pungency. This characteristic, as much as their bioactivity, is a result of the molecular structure which allows them to interact differently with the nervous receptors and cellular membrane.
26,57,58
The general chemical structure of capsaicinoids ( Fig. 1 ) is composed of a vanillyl group bonded with an amide and an alkyl chain. 17 The molecular diversity within capsaicinoids occurs due to the carbon chain, which may present itself as: (i) unsaturated and ramied, as in capsaicin; (ii) saturated and ramied, as in dihydrocapsaicin; or (iii) saturated and linear, as in nonivamide. 59, 60 This molecular structure provides the CAPS with an amphiphilic and no basicity behavior, atypically of what is observed in alkaloids in general. 17, 59, 60 Among the compounds that constitute the capsaicinoids class, only four of them are usually studied due to their higher concentration in situ, 60 these are the major compounds capsaicin and dihydrocapsaicin, and the minor ones homocapsaicin and nordihydrocapsaicin, whose structure can be observed in Fig. 1 .
The molecular structure of CAPS is resistant to ionizing radiation, although it readily decomposes over 50% of its original concentration when exposed to temperatures over 80 C.
This thermal degradation is initially attributed to the cleavage of the carbon-nitrogen bond, to produce the vanillyl group and an acyl chain. [59] [60] [61] It demonstrates that the temperature within any process for natural products based on capsaicinoids must be carefully considered to avoid thermal decomposition. The vanillyl group within CAPS is reported to be a proton donor, which provides these molecules with the ability to stabilize radical species and interact with cellular membranes, enzymes and nervous receptors. 46, 62 Therefore, CAPS bioactivity is mainly attributed to the vanillyl group present in the structure.
18,19
The most important biological interaction of CAPS is with the transient receptor potential vanilloid-1 (VR1), a sensorial receptor responsible for the neural response to temperature variations, acidosis, pain and osmolarity, which generates the sensation of heat and/or pain as a warning to the body of possible dangerous situations. This receptor consists of a nonselective cation channel mainly activated by proton sites within different molecules and vanilloids functional groups.
19
The importance of VR1 is mainly due to the regulation of this receptor by CAPS, which produces not only the pungent sensation but also provides pain relief, gastrointestinal protection, and antioxidant properties, such as antitumoral, anticancer and anti-inammatory effects. 17, 19, 22, 63 The mechanism of interaction of CAPS and VR1 was described by Hayman and Kam.
18 Briey, the bioactivity of CAPS is closely related to the down regulation or desensitization of VR1 for relatively long periods of time, as pungent CAPS can remain attached to VR1 without suffering cleavage due to its amphiphilic behavior. a phenolate ion which may form a salt in the presence of metals, increasing its solubility in aqueous solution. 58 
Biosynthesis and catabolism
Capsaicinoids are mainly biosynthesized in the placenta of the fruit, where there is the largest concentration of vanillylamine. 3, 44, [64] [65] [66] The formation occurs by the condensation of vanillylamine with an acyl acid precursor, as can be observed in Fig. 2 , by the phenylpropanoid pathway.
17
The acyl precursor, which originates the C9-C11 ranched chain, is synthesized by a series of enzymatic based reactions starting from an amino acid, and presenting as fundamental steps the transamination, decarboxylation, elongation and reduction. The elongation process, promoted by the malonylCoA, can occur from two to four cycles, depending on which CAPS is being synthesized. 17, 65 In the meantime, the nal step consists of a ketone to alcohol reduction and dehydration to provide the double bond to the fatty acid chain or the saturation of the carbon chain.
17 Each CAPS has a unique acyl precursor, such as 8-methyl-trans-6-nonenoic acid (capsaicin), 8-methylnonanoic acid (dihydrocapsaicin), 7-methylnonanoic acid (nordihydrocapsaicin), 9-methyldecanoic acid (homodihydrocapsaicin) and 9-methyldec-trans-7-enoic acid (homocapsaicin).
67-69
Among the naturally synthesized CAPS is the nonivamide or N-(4-hydroxy-3-methoxybenzyl)-nonanoic acid amide. This alkaloid has a pungency level very similar to capsaicin, although it is biosynthesized in smaller quantities, corresponding to approximately 3% of the total CAPS content. 9, 70 The similarity in pungency allows nonivamide to be used as an adulterant in pepper-based products which have low levels of capsaicin. Adulteration with nonivamide is a several problem, as this alkaloid does not present the same biological activity and nutritional levels as capsaicin, generating products with low efficiency for the pharmaceutical and food industry. 27, 38, 70, 71 The usage of nonivamide as an adulterant was only reduced at the beginning of the 20 th century with the development of analytical methods capable of distinguishing and separating the similar molecular structures. 27, 72, 73 Vanillylamine share with CAPS the same exclusivity, that is produced only within the Capsicum genus, and acts as a precursor for the vanillyl group present in the CAPS structure. 17 Its precursor is L-phenylalanine, which reacts by the cinnamic acid pathway in a pyrophosphate-dependent reaction to generate trans-cinnamic acid, trans-p-coumaric acid, transcaffeic acid, trans-ferulic acid, vanillin and nally vanillylamine. 17, [74] [75] [76] The synthesis of CAPS can be limited by either the concentration of vanillylamine, when considering the plant compartment, or the concentration of the acyl precursor, when considering the biosynthesis within the placenta tissue in which vanillylamine is abundant. 3, 17, 77 CAPS biosynthesis produces a peak of concentration within 30-50 days aer owering, the period in which the pungency is usually higher in the whole fruit, and aer that period the CAPS concentration start to naturally decrease due to plant metabolism.
14,17 This reaction is mediated by the peroxidase enzyme over the vanillyl group, which is the main oxidative site within capsaicinoids. Peroxidase promotes the oxidative phenol coupling of CAPS to form a dimer (5, 5 0 -dicapsaicin in Fig. 3 ) and 42, 78 which are closed related to the lignin metabolites in a mechanism described by Díaz et al.
14
In human and mammals, CAPS are readily metabolized within the liver in the presence of the P450 enzyme 14,15,17,79 by a complex mechanism, which was described by Reilly and Yost. 15 Briey, P450 interacts mainly with the vanillyl group through several different reactions of aromatic hydroxylation, O-demethylation, benzylic oxidation, u-hydroxylation and dehydrogenation. Additionally, Kawada et al. also reported an in vivo and in vitro experiment using the liver cells of rats, and detected, as metabolites of CAPS (through enzymatic hydrolyzation), vanillylamine, vanillin, vanillyl alcohol, vanillic acid and 8-methylnonanoic acid. 80 
Capsaicinoids content
The economic importance of the Capsicum species is most related to its biological activities and avoring properties. 18, 42, 81 In this context, the capsaicinoid content is an important characteristic that must be evaluated and controlled during cultivation and processing of the fruit. Over 20 alkaloids have been reported in this class, distributed in 4 main groups based in the Fig. 2 Biosynthesis of capsaicin. Fig. 3 Dimer compound formed by the coupling of capsaicinoids.
similarity of their molecular structure with the major CAPS. The distribution of capsaicinoids within each group is approximately: capsaicin group (69%), dihydrocapsaicin group (22%), nordihydrocapsaicin group (7%), homocapsaicin and homodihydrocapsaicin analogues groups (1%). 16, 82 It is obvious that the major CAPS are within the capsaicin and dihydrocapsaicinoids groups, more specically capsaicin and dihydrocapsaicin, and can correspond to 89-98% of the total capsaicinoids content in the fresh fruits. 16, 21, 23, 82 Among the minor CAPS already reported in natural products nonivamide, nornordihydrocapsaicin, homodihydrocapsaicin, and nordihydrocapsaicin, nornorcapsaicin have been reported. 61, 73 Additionally, the concentration of minor CAPS can be used as an indicator for adulteration, such as nonivamide, which is naturally present at a concentration lower than 3% of the total content.
17
CAPS are mainly found within the fruit organs where they are biosynthesized, such as the placenta tissue where most of it is produced and in the interlocular septa, a tissue that produces smaller quantities of CAPS. 77 Aer production and accumulation in these tissues, CAPS are induced to diffuse to other compartments within the fruit 66, 77, 83 and plant organs.
17,42,84
Even with the diffusion processes, it is estimated that over 85% of the capsaicinoids total content can be located within the placenta, reaching a concentration that can be 10 times higher than the CAPS content in other organs during the ripening stages. 17, 77, 85 The organ with the second greatest accumulation of CAPS is the seed, as these metabolic processes have protective and proliferation actions, allowing the reproduction of the plant. 66, 77, 83, 86 Even though metabolomics in plants is a very complex and dynamic science, some exceptions to this approach have been reported. Nugroho et al. reported varieties of Capsicum annuum L. whose fruit presents higher CAPS content in the last stages of fruit development in the septum, which may indicate their accumulation in this organ aer production in the placenta tissue, as postulated before.
42
In general, the CAPS prole is more oen studied during the period of maximum production of these alkaloids, which usually occurs close to the end of the fruit immature stage, at the moment when CAPS are most required by the plant, as these metabolites are an agent protective against herbivores and also responsible for the scarication of seeds. 17, 26, 44, 87 In the period of maximum CAPS production most species presents more capsaicin than dihydrocapsaicin, typically in a proportion of 1 : 1 to 2 : 1. 23, 24, 43, 82 Although this general proportion has been used in several papers, there is no solid evidence that this approach can be considered true for a certain species or cultivar. The capsaicinoids prole does not present a homogeneous behavior in cultivars collected in different locations, and even in cases in which they are subject to the same conditions a wide range of concentrations can be observed for each capsaicinoid.
88 Some exception to these general approximations can be found in a closer observation of different cultivar and varieties within a species, 44 as described by Duelund and Mouritsen 88 and Bae et al. 48 in their studies on the Espelette and Tuxtlas (C. annuum) cultivars. Depending on the commercial application of the pepper (or pepper-based product) a lower or higher concentration of CAPS may be required. For medicinal proposes, cultivars with moderate to low CAPS content are preferable due to the alkaloid toxicity, that can make it difficult to formulate medicines that are safe to be used by humans. 18, 90, 91 In the food industry and for military usage, it is desirable that a product contains a large concentration of CAPS. Thus, cultivars with moderate to high CAPS content are usually applied.
27,28,92,93
The C. chinense cultivars are mainly known for their elevated levels of pungency, usually presenting higher concentrations of capsaicin then other species. Therefore, C. chinense cultivars are associated with a high toxicity to human usage, which made their use as a medicine more difficult when compared to other species, such as C. annuum, which is popularly applied as a spice or even as a chemical weapon. 15, 41, 94, 95 C. annuum is the species with the most natural hybridization ability within the genus, which made it possible for it to be easily domesticated and cultivated worldwide. It is estimated that this species correspond to one of the most produced vegetables, representing approximately 9.8% of the total planted area on Earth.
2,49,96
Additionally, it should be pointed out that C. annuum cultivars are more suitable to present species with dihydrocapisaicin as a major capsaicinoid during the maturity stage, although its inversion or even the presence of low levels of capsaicin cannot be directly correlated to low pungency levels, as cultivars such as Toegaard Hot Banana and Guajillo are scaled as have moderate pungency in the Scoville heat scale, with a 15 000 AE 5300 and 13 704.8 AE 2275.7 Scoville heat unit, respectively.
88,97 It must be pointed out that all capsaicinoids inuence the Scoville heat, although it is not common for researchers to describe this Table 1 Quantitative (mg g minor CAPS constitution, a fact that could help to elucidate behavior such as that observed in the Toegaard Hot Banana and Guajillo. The variability of CAPS content is one of the factors that causes researchers to avoid the use of their prole, exclusively, as a reliable chemotaxonomic marker. This was discussed by Zewdie and Bosland, whose research demonstrated that there is no statistical relationship between capsaicinoids content within a specic cultivar or species, in means of the presence/absence, proportion and concentration of each of the principal CAPS. 44 The absence of studies focused on the chemosystematics of the Capsicum genus is mainly related to the large chemical variability induced by the intraspecic and interspecic hybridization which occurs, not only by natural means as a consequence of the evolution process, but also by the human intervention that has been carried out since the marine exploration periods.
4,44,98-100
In addition to the process of hybridization, the variability in CAPS prole can be attributed not only to the hybridization process but also to other factors, which can be either endogenous (species genetic characters and ripening stage) and exogenous (such as seasoning, climatic conditions and soil fertility). 42, 48, 77, 85 In addition, the mechanisms of CAPS regulation is not consolidated, it had been reported that their biosynthesis and catabolism undergoes very sensitive mechanisms.
Factors affecting CAPS concentration
As the Capsicum species has a great biodiversity, with the existence of hundreds of different cultivars to each single species, a comprehensive study of how and which internal or external factors inuence CAPS biosynthesis is extremely hard to accomplish or conrm. Despite this difficulty, it is known that the genotype, environmental conditions and fruit maturity stage have a great inuence over the CAPS prole.
88,97
Production and accumulation of CAPSs is generally related to the expression of specic alleles in DNA, mainly the one denominated Pun1, which had been reported even in nonpungent species with unfunctional behavior. In addition, there is no solid information about the transcription mechanism of these genetic markers on the complex metabolic pathway of CAPS.
48,101-103
Pun1 regulation has been associated with the quantity of CAPS produced by a certain cultivar and their susceptibility to undergo modications in their CAPS prole when exposed to environmental stress conditions. A slight modication in its transcription among the different cultivars can cause the heterogeneous behavior in the CAPS prole observed within each species, a fact that determined that the genotype should be considered as the most important factor (among the three previously cited) affecting the CAPS content. 52, 97, [102] [103] [104] [105] [106] [107] When considering the external factors that can inuence the CAPS content those that are emphasized are the temperature, amount of sunlight, soil fertility and water availability.
64,108,109
Temperature and sunlight have been reported to present negative and positive correlations in accordance with the type of cultivar, although there is no homogeneity in the behavior of species. 97, 104, 105, 110 The correlation between CAPS content, temperature and sunlight can be postulated either as a compensatory mechanism of protection or a competition process. A positive correlation can indicate that CAPS can act as protective metabolites against oxidative stress from UV radiation. While, a negative correlation could appear as plants exposed to high temperatures use photosynthates in the growth process, for the production of lignin-like compounds, in a competitive metabolic pathway, which would reduce the CAPS content as a consequence. 97, 104, 105, 110, 111 The heterogeneous behavior observed in these factors and the existence of cultivars that maintain a uniform CAPS content when they are varied, 105 indicates that the inuence of these factors is only of minor importance in the CAPS prole for economical and phylogenetic approaches.
The effect of soil fertility shows less concordance within the literature. Published work can be found discussing that either potassium and nitrogen have a positive or negative relationship with the CAPS content 104, [112] [113] [114] [115] and also discussing whether the water holding capacity could decrease the CAPS content or present a heterogeneous correlation, similar to that described for temperature effects. 116, 117 In these studies the research was conducted without consideration of several other factors that affect soil fertility, such as granulometry, residual microbial biomass, micronutrients, organic carbon and relief type. Thereby, there is still a lack of information about how soil fertility affect CAPS content.
As previously cited, the CAPS content changes in accordance with the ripening stage to provide protective and pollinating properties.
17,78,119 Although a slight variation occurs within cultivars, the fruit maturity is usually reached aer 40 to 50 days, 42, 78, 119 which is the moment where the major CAPS produced by each cultivar will be in a larger amount due the decrease in the peroxidase isoenzymes responsible for CAPS catabolism.
76,85
Capsaicin and dihydrocapsaicin generally undergo the largest changes during ripening as they are the capsaicinoids in the greatest quantities within the Capsicum species. 17, 45, 78 Depending on the days aer anthesis, the CAPS prole will present several different proportions that can also include a moment of shi in each of the CAPS present in larger quantities. 42, 78, 119 Capsinoids For decades, CAPS have being extensively explored by industry due to their bioactivity and pungency properties, although their application is limited due to the pungency and toxicology effects that small quantities produce in humans. 19, 124, 125 A promising substitute to CAPS for industrial proposes is their analogue structure substances known as capsinoids, for which the main differential characteristic is the lower pungency.
fruit (approximately 300 mg g À1 ). [126] [127] [128] As can be observed in Fig. 4 , their molecular structure differs from CAPS as there is an ester functional group in the connection of the vanillyl group with the carbon chain. 19, 124, 126 In addition, the relatively few studies on the pharmaceutical application of capsinoids are mainly focused on capsiate. It has been reported that capsiate presents similar properties to capsaicin in terms of pain relief, anticarcinogenic agent and in the prevention of cardiovascular and gastrointestinal diseases, highlighting their possible application as a less toxic substitute for capsaicin.
19,124,129

Carotenoids
Carotenoids are a group of nearly 750 tetraterpenoid compounds, 130, 131 widely distributed in plants and known by their chromogenic properties which attribute vivid orange, yellow and red colors to organisms. 132 This class of pigments can be synthesized in all photosynthetic organisms, and in some non-photosynthetic organisms playing an important role in photosynthesis, photoprotection and stabilization of free radicals.
130,131 They are not produced by animals, but carotenoids play an important role in their nutrition and health as they present antioxidant and anticarcinogenic activities and act as precursors to other essential compounds, such as vitamin A and retinoic acid.
23,130-132
The variety of colors within the Capsicum genus are partially promoted by the variety of carotenoids present within it, mainly the oxygenated ones, whose prole can change as a function of the maturity stage, species and cultivars, proving the complexity of the biosynthesis of carotenoids. 16, 23, 39 Chemical structure, biosynthesis and classication Carotenoids present a low polar molecular structure based on a tetraterpenoid skeleton, in which the most common structures presents 40 carbon atoms derived from isoprene units (Fig. 5) .
Their biosynthesis begins with the mevalonic acid which is submitted to several reactions to produce the building block C5 precursors isopentenyl diphosphate and dimethylallyl pyrophosphate. 39, 133, 134 Furthermore, these precursors are submitted to condensation reactions to produce geranylgeranyl phosphate, which is the precursor for the rst compound with 40 carbons in the metabolic pathway, the phytoene that presents no color.
133-136
Among the sequential reactions that phytoene can undergo are a series of desaturation and isomerization reactions that will produce the red colored lycopene, which can undergo cyclization to originate a-carotene and b-carotene (orange colored carotenoids). In addition, carotene can produce the yellow colored xanthophylls lutein and zeaxanthin by the hydroxylation of their a or b structure, respectively.
132,133 All these reactions are accompanied by the formation of conjugated double bonds, which can vary from 7-15 in colored carotenoids, while the colorless carotenoids present a maximum of ve conjugated carbon double bonds. 136 On the other hand, carotenoids in the Capsicum species usually contain nine conjugated double bonds.
Carotenoids can be divided into two main groups in accordance with their chemical structure: carotenes and xanthophylls. Carotenes groups include linear or cyclized Fig. 4 Chemical structure of capsinoids. hydrocarbons, as a-carotene and b-carotene, while xanthophylls include carotenoids with oxygenated functions such as hydroxy-, keto-, methoxy-, epoxy and carbonyl, such as those that occur in lutein, violaxanthin, neoxanthin and zeaxanthin. 23, 133, 134, 136 Another classication is based on the chromogenic properties of carotenoids. 137 In this concept, carotenoids are divided into two fractions, yellow and red. 136, 138 Each fraction is related to the specic chemical structure characteristic that allows the compound to interact differently with visible radiation.
138
Therefore, their conjugated double bond, length and oxygenated functions allow them to present a wide variety of absorption values in visible light.
136,139
The yellow fraction is composed of carotenoids that present yellow or orange colors when observed with the human eye.
139,140
The carotenoids of this fraction present different degrees of oxidation and include the precursors to the substances that compose the red fraction. 137, 139 Examples of the yellow fraction members are hydrocarbon based carotenoids (b and a-carotene), hydroxylated carotenoids (b-cryptoxanthin and zeaxanthin) and epoxidized carotenoids (curcubitaxanthin A and violaxanthin).
138,139,141
The red fraction differs structurally from the yellow by the substitution of the 3-hydroxy b rings for a 3-hydroxyacylcyclopentane ring, which confers them with a greater stability.
138 Among this fraction the ketocarotenoids can be found, that are almost exclusive to the Capsicum genus, 137, 139, 141 the capsanthin, capsanthin 5,6-epoxide and capsorubin.
Carotenoids content within Capsicum
Capsicum fruits can be considered carotenogenic fruits due to the richness of the carotenoids prole within them, which contains over 50 different carotenoids. 23, 39, 142, 143 In addition, most of the carotenoids described within Capsicum are commonly found in other vascular plants, 131, [134] [135] [136] there is a restricted conjunction of the compounds from this class that are considered almost exclusive to the genus, as previously cited.
The different colors observed in Capsicum fruits from different species, cultivars and maturity stages are partially associated with the prole of the carotenoids and their chromogenic activity. 23, 122, 138 It had been reported by several authors that the carotenoid prole drastically changes during ripening. [139] [140] [141] 143 The colors of the fruits have a direct correlation with the major carotenoids, a fact that can be used to divide the study of carotenoids in Capsicum fruits in accordance to the color of the mature fruit.
23,144,145
Rodriguez-Burruezo et al. compared the differences between the carotenoids proles in accessions of C. baccatum, C. pubescens and C. annuum with genotype to produce yellow/ orange mature fruits and those that produce red mature fruits. 140 In this research, the accessions with yellow fruits presented as violaxanthin as the major carotenoid, which comprised 40 to 70% of the total carotenoids content. Other characteristics of yellow/orange accessions were the presence of cis-violaxanthin, antheraxanthin, and lutein as part of the major carotenoids and the absence of compounds from the red isochromic fraction. On the other hand, the red-fruited accessions presented capsanthin as the major carotenoid (composing 35 to 50% of the total carotenoid content) and low quantities of the yellow isochromic fraction, it was this fact that made these accessions richer in carotenoids than the yellowfruited accessions. These results have being conrmed by other authors, which in a general manner have also described the ketocarotenoids of capsanthin, capsanthin 5,6-epoxide and capsorubin as being the major carotenoids found in different varieties of red pepper fruits in the maturity stage.
137-139,141,143
The absence of the red isochromic fraction in the Capsicum species with yellow fruits is usually associated with the inactivation of the enzyme capsanthin-capsorubin synthase, 140, 144 which is basically responsible for the transformation of violaxanthin and antheraxanthin on capsorubin and capsanthin.
131,141,144
This inactivation also explains the accumulation of violaxanthin as the major carotenoid in yellowfruited species. Among these species the presence of lutein as a major carotenoid has also been reported. 23, 39, 144 In Table 2 the main carotenoids described for Capsicum can be observed, emphasizing that carotenoids from the yellow and red fraction are inversely proportional, as previously cited.
Carotenoids modications during ripening
One of the factors that most inuences the carotenoid content is the ripening process, which causes qualitative and quantitative modications. 23, 122, [139] [140] [141] 144 The rst modication that should be emphasized is in the form of the presentation of this class of compounds, which can appear in plants as free carotenoids or esteried, 23, 139 whereas the rst cited form occurs mainly in leaves, although they appear in signicant quantities in immature fruits.
143
During ripening, carotenoids are synthesized and esteried with saturated or unsaturated fatty acids.
139,144,146
The esterication process occurs to give carotenoids more stability against thermal, photo and enzymatic oxidative reactions and increase their liposulibility. 143, 146 This allows carotenoids to raise their accumulation in fruit and in the maturity stage as these compounds are responsible for photo-protection, assisting photosynthesis, promoting the biosynthesis of other essential compounds (e.g. abscisic acid) and attracting insects to promote pollination and seed dispersal.
130,139,144
Esterication occurs mainly in the red isochromic fraction, present in the chromoplast, 139, 146 which are esteried by short chain fatty acids, such as lauric, myristic, palmitic and linoleic acids. 139, 146, 147 Meanwhile, the yellow isochromic fractions are mainly esteried by longer chain fatty acids such as mystiric, palmitic and the unsaturated form of linoleic acid, which is the major fatty acid reported in this fraction, comprising approximately 50% of the total fatty acids used in esterication.
139,146
Moreover, in the ripe fruit only 21.3% of the total carotenoids remains in their free form.
146
The carotenoid prole changes during ripening differently in accordance with the genotype, although its generally occurs with an increase in the total carotenoid content, which can be from approximately 10 to 90 fold. 141, 144, 148 In the species with red fruits, the ripening process is associated with a greater increase in the total carotenoids content when compared to those with yellow fruits. 39, 144 In contrast to this affirmation, Agostini-Costa et al. found no signicant difference between the increase in the carotenoid total content in yellow-fruited and red-fruited cultivars, which could raise the possibility that the genotype could control the increase of carotenoids.
152
In the unripe red-fruit the main carotenoids are lutein and neoxanthin, which during ripening, almost completely vanish giving way to capsanthin, capsorubin and cryptocapsin.
139,143,144,149
Capsanthin is usually responsible for the enlargement of the content of carotenoids in red-fruited species, as they comprise approximately 35-70% of the total carotenoid content in the ripe stage. 143, 144 Additionally, the intensity of the red color in the mature fruit has a direct correlation with the amount of capsanthin present.
143,144
Chloroplast pigments, lutein, neoxanthin and b-carotene, mainly present in the vegetative stage gradually decrease in concentration during ripening, for two main reason: due to their use in the biosynthesis of chromoplast pigments (e.g. antheraxanthin, violaxanthin and capsanthin) and the inhibition of their synthesis to increase the production of the chromoplast pigments. The chloroplast pigments are usually associated with the process of photosynthesis, which is unfunctionalized during ripening, a fact that explains the decrease in their concentration, as long as they are not required during fruit development.
141,143,144
The ripening in yellow-fruited species is extremely different to the red ones. During the immature stage both colors of fruit present lutein and b-carotene as major carotenoids. As ripening goes on, there is two possible scenarios in the yellow fruits, the accumulation of lutein and maintenance of b-carotene or the lowering of the levels of both previously cited carotenoids concomitantly with the increase in violaxanthin and a-carotene. 139, 143, 144, 150, 151 Furthermore, violaxanthin and lutein are described as the main carotenoids in ripe yellow-fruited species. 152 In species in which violaxanthin is the major carotenoid in ripe fruit, it comprises approximately 30-50% of the total content, 139 while lutein can comprises 41-67%.
144
The carotenoid prole is one of the characteristics associated with the quality of the Capsicum fruit and other natural products derived from it. 143, 147, 153 This fact is associated either with the bioactivity that carotenoids give to the natural product, enriching their value as a healthy product, and the attractive 
d % of total carotenoid content.
color they promote in the natural product, which make them more attractive. 81, 143, [153] [154] [155] [156] Furthermore, acquiring proper knowledge about how each factor affects the carotenoid prole has become crucial for industrial applications of the Capsicum species.
The content of the carotenoids can vary during the cultivation, processing and storage of the natural product. 117 In the cultivation context, establishing the behavior of the carotenoids content in different environmental conditions is important to determine the best place to cultivate them and strategies for the cultivation method. 117, 157 As carotenoids are part of the secondary metabolic system, environmental stress can modify their prole in order to provide metabolics that can maintain the plant health even in stressful conditions. 117,158,159 Lee et al. reported that high temperatures induce the accumulation of xanthophyll, such as lutein, which can increase the resistance to thermal oxidative stress. 152, 158 In addition, xanthophylls are the precursors of abscisic acid, which regulate stomatal closure to avoid loss of water during drought scenarios.
158
The accumulation of xanthophylls is indicated as the main factor that increases the total carotenoid content in species growth in temperature stress conditions. 117,162,163 Okunlola et al. 117 reported the effect of different degrees of drought stress on Capsicum species, which are known as sensitive species to excessive and restrained water availability conditions. 157, 164, 165 In this paper was reported that the vegetative stages of Capsicum plants are more sensitive to the lack of water, presenting as one of the consequences a severe decrease in the total content of carotenoids, while the owering and fruiting stages presented minor modications in carotenoids content when exposed to drought stress. Moreover, the species tested responded to stress differently emphasizing the request for further studies approaching different genotypes.
In addition there have been several studies published concerning the stability of carotenoids during storage or when exposed to different temperatures, relatively few of these are focused on Capsicum products, which, as previously cited, present carotenoids as being almost exclusively to the genus; an exclusive class of substance that had been report to interact with carotenoids (capsaicinoids); and have a great biodiversity. 23, 143, 156, [166] [167] [168] In a study of Giuffrida et al., it had been demonstrated that the structure of the carotenoid was the controlling factor for their degradation during storage at different temperatures. 156 The stability observed followed the following trend di-ester carotenoid > mono-ester carotenoid > free carotenoid.
Natural products, such as paprika, usually require the fruit to be submitted to a drying process, which can be performed using several techniques, as the step can cause the degradation of substances which are desirable in the nal product the choice of the method must be made carefully. 134, 156, 159, 168, 169 Cao et al. demonstrated in this context that the drying methods in which the temperature is raised slowly, such as sun drying and hot air drying, are preferable to those using an ultraviolet irradiation source as abrupt temperature changes and longer exposition time can increase the deterioration of the molecular structure. demonstrated that the length of the time of exposure to heat, during the drying processes, may be the key factor to avoid degradation instead of the temperature itself, which would allow the use of higher temperatures.
169
In terms of the processing the extraction procedure should be emphasized, Nath et al. demonstrated that the use of an enzyme-assisted extraction method can extract approximately 80% of the total carotenoid content, as enzymes are able to dissolve molecular membranes in which carotenoids are associated in plant tissue, thereby stabilizing the carotenoids structure in the process. 153 Although the use of enzymes in extraction can present some difficulties in storage, to prevent enzyme degradation it still is a more environmentally friendly method when compared to the use of organic solvents, such as methanol, and time-consuming techniques, such as Soxhlet extraction.
1,170,171
Flavonoids
Flavonoids are a class of chemical compounds that consist of more than 7000 secondary plant metabolites and are based on a structure with een carbon atoms. [172] [173] [174] This class of compound became famous due to their bioactive properties in mammals, who are not able to synthesize them, 173 mainly due to their antioxidant activity. 25 Other properties related to avo-noids are protective against inammatory processes, hypertension, arthritis and AIDS. 25, 173, 175 Due to these characteristics they have become very attractive to several branches of industry, such as food, pharmaceutical and clothing.
173,175-177
Flavonoids are known by their chromogenic properties as well as carotenoids, which are also partially responsible for the vivid colors observed by human eye in fruits and plants. 172 Their accumulation in plants is associated with several other functions including UV protection, growth regulation, antimicrobial agents and attraction to pollinators. 175, 178, 179 Flavonoids content Among the pigments found in the Capsicum species, the presence of avonoids, as well as the other previously cited class, should be emphasized. 48 They are mainly accumulated in the peel, and although most published papers represent their content as aglycones avonoids, they can occur in pepper as conjugated O-glycosides and C-glycosides derivates.
180 Within Capsicum the quercetin and luteolin are described as the major avonoids, representing approximately 41% of the total avo-noid content, 46, 48, 122, 158, 180 generally in their hydrolysed form. Usually the content of avonoids in pepper are expressed as the sum of these cited compounds, due to the difficulty of performing an acid hydrolysis in several of the other conjugate avonoids. 122, 127 In Table 3 the content of avonoids detected in different varieties of Capsicum can be observed.
The following have been reported as part of the avonoid prole within cultivars: quercetin, luteolin, kaempferol, apigenin, myricetin, quercetin
luteolin-C-6-malonyl-C-pentoside, chrysoeriol 6,8-di-C-hexoside, luteolin 6-C-(6-malonyl)hexosyl-8-C-hexoside and luteolin 6 C-(6-malonyl)hexosyl-8-C-pentoside, as demonstrated in Fig. 6 . 48, 158, [180] [181] [182] As can be observed in Table 3 , there is no pattern in the avonoids content, which is reported to present a wide variability in the function of the genotype. 46, 158, 176, 182 Ripening and environmental effects in avonoids content Flavonoids content presents a contradictory pattern when compared to that discussed for CAPS and carotenoids during ripening. It has been reported that during ripening the avo-noid content decreases up until 85% of the original content in the vegetative stages. 48, 180, 182 This pattern can be associated with the bioactivity of quercetin, which is responsible for the photoprotection of the plant cells during photosynthesis. 163, 183 The intensity of this modi-cation is correlated to the genotype factor. For example, while the C. chinense quercetin levels were described as 156 48 This contradictory behavior in relation to carotenoids and CAPS brings up the question of which stage of development the fruit can be used most efficiently as a rich source of antioxidant compounds, as avonoids have been reported to inuence the antioxidant activity.
46
As with the previously cited class of substances, avonoids are also reported to be inuenced by environmental factors. 163, 176, 184 As an example, in a paper published by Lee et al. it was demonstrated that the environmental effect on the avonoids content presents a different pattern as a function of the genotype and that this variation is not as signicant in avonoids as it is for carotenoids and CAPS. 163 In this research it was reported that the avonoids content presented an increase when exposed to an area with higher temperature, which stimulates the production of these compounds as photoprotective agents for the plant organism.
Volatile composition
As one of the most consumed natural products worldwide, pepper must present attractive properties such as a pleasant avor and aroma to induce the consumer to associate that specic product to a delicious aliment with high nutritional benets.
54,185-187
The volatile fraction within Capsicum fruits is responsible for their aroma and can also provide the compound with bioactivity. This fraction had been reported as being rich and diverse, with over 200 substances described, 54 including compounds classied as terpenes, hydrocarbons, alcohols, aldehydes, ketones, acids, esters, lactones and phenolics. Among the substances identied in the volatile prole are thiol methane, dimethyl sulde, dimethyl amine, acetaldehyde, propanal, acetone, 2-nonanone, hexane, acetic acid, 1-pentanol, limonene, pentadecane, ethyl ester propanoic acid, ethanol, 2-methyl-1-tetradecene, hexyl n-valerate, b-cubene, b-caryophyllene, butyrate, hexanal, a-pinene, linalool, limonene, hexyl isobutanoate, a-terpineol, methyl salicylate, heptyl isopentanoate, decanoic acid, b-cubebene, germacrene D, 6-methyl-4-heptenyl 2-methylpropanoate, pentyl 4-methyl-2-pentanoate, ethyl 3-methylpentanoate, 2-butyl acetate, acopaene, byperene, a-humulene, g-cadinene, and acalacorene. 54, 60, 121, 188, 189 Pino et al. characterized several C. chinense subjects of Habanero and found a specic prole in accordance to fruit colors. 188 Cultivars with red fruits are usually associated with high amounts of hydrocarbons, which are correlated to the biosynthesis of capsaicin and degradation of carotenoids 54, 188 while orange-fruits correlate to high quantities of esters.
188
Additionally, Kollmannsberger et al. characterized accessions of C. chinense and C. baccatum volatile prole by the presence of a high concentration and diversity of esters, while C. pubescens were almost absent in this class of substances. Moreover C. baccatum and C. chinense differentiate between themselves in the concentration of terpenoids, in which C. baccatum presented lower concentrations. 121 Regarding the terpenoids prole, C. chinense and C. pubescens were identied by a different major terpenoid, which was cubenenes for C. chinense and ylangenes for C. pubescens.
In the volatile fraction there are a group of substances that are usually well associated to the Capsicum species as they are not very common in other tall plants, these are the alkylmethoxy-pyrazines, which are usually associated with a very distinct aroma. 188, [190] [191] [192] [193] The principal reported components of pyrazines are tetramethyl-pyrazine (oleoresin and paprika), 190, 191 3-isobutyl-2-methoxypyrazine in low concentrations in fruit, 192, 194 2-isobutyl-3-methoxypyrazine involved in the ripening processes of C. annuum cv. Kulai, 193 and 2-isobutyl-3-methoxypyrazine in the mature fruits of C. chinense.
Chemosystematic perspective
The chemosystematic study of botanic species is a promising tool in the discovery of biodiversity, although few researches focus on this topic even when dealing with botanical families with great economical interest, such as the Solanaceae family. 99, 100, 106, 195 Pigatto et al. 99 (2015) performed a chemosystematic study of the Solanaceae family, to determine whether each species can synthesize two distinct classes of metabolites, tropane alkaloids and calysteliges. In this study it was highlighted that the Capsicum genus, four of the genera among the 29 studied, were unable to synthesize tropane alkaloids, presenting only two specic structure types of calysteliges (tetrahydroxynortropanes and pentahydroxynortropanes) and nicotinoids. This behavior was proposed as a unique pattern found in the New World species. In addition to the genus level characterization, other researchers proved that it was possible to distinguish the Capsicum species through their chemical prole of avonoids, carotenoids, and volatile compounds. 4, 52, 54, 127, 196 According to Patel et al., peppers can be systematically studied by their aroma differences, being classied in accordance to the volatile prole within these classes of compounds. 54 Classication into seven distinct groups in accordance to the concentration of the class of substances was proposed, as observed in Table 4 .
A relevant problem regarding the chemosystematic study of the Capsicum species is the great intraspecic and interspecic variability derived from the diversity of varieties and cultivars generated by the endogenous process of hybridization and exogenous genetic manipulation. 4, 52, 197 In addition, the absence of a standard method to prepare and analyze samples of peppers, and a lack of denition as to which chemical characters are of greater relevance also makes it difficult to obtain a reliable database for the chemosystematic analysis of the genus. 52, 106, 195, 197 One strategy to overcome the absence of predened chemical markers for the chemosystematic study is the application of the untargeted metabolomic, in which all detectable metabolites in the sample are analyzed simultaneously. 198 Wahyuni et al. used this strategy to classify 32 pepper accessions from four distinct species into ve groups according to their chemical prole of semi-polar metabolites, which included avonoids, phenyl-propanoids, terpenoids, amino Mean values of all class a Concentration are given as percentages of total mean gas chromatography peak areas.
acids and fatty acid derivatives. 197 Briey, C. annuum accessions were separated into two groups by the different accumulation of acyclic diterpenoid phytatetraene; C. baccatum group was composed of all the analyzed accessions of this species, which were differentiated from the others by the presence of phenolic compounds with a sulfate conjugation; and the C. chinense and C. frutescens groups were separated and dened by their abundance of avonoid glycosides.
Although the untargeted metabolomic offers the advantage of obtaining a sufficient number of characters to perform a high resolution systematic analysis and allows the discovery of new metabolites along the sample. It also presents certain disadvantages such as obtaining a huge amount of data, making it difficult to process data, and the appearance of undesired variations in the analytical response due to the presence of contaminating compounds (substances that can produce side reactions during analysis) in the sample or even the need for technical adjustments to perform the analysis. [198] [199] [200] For example, Wahyuni et al. obtained 11 372 ions during analysis by mass spectrometry, of which 297 showed signicant differences between the analyzed samples and only 88 were effectively identied. 197 Thus, the target metabolomic should not necessarily be excluded as a possibility.
As previously discussed, the capsaicinoids and carotenoids prole in the Capsicum species are not classied as good chemotaxonomic markers due to their variability, despite the existence of unique compound from these classes within Capsicum. 4, 44, 157 In this paper we tested a targeted metabolomic approach, in which the concentration or presence of dened compounds are used to establish similarity between different samples. The major compounds from capsaicinoids, carotenoids and avonoids classes described during this review were used as variables to perform a Principal Component Analysis (PCA) of samples analyzed by other researchers. 64, 78, 127, 150, 156, 158, 160, 162, 176, [201] [202] [203] [204] [205] Before the PCA analysis, data were normalized to reduce the inuence of different analytical methods applied by each researcher (see ESI material †).
PCA results are summarized in Fig. 7 , in which the rst two main components extracted represented a variation of 56.44% of the data, and the Principal Component 1 (36.09%) presented a positive correlation with the evaluated capsaicinoids, while the Principal Component 2 (20.35%) was correlated with carotenoids and avonoids. In Fig. 7 , it is possible to observe the formation of four groups. Group 1 corresponds to a nonpungent species with yellow fruit, which differs from the others due to the high levels of lutein and a-carotene, which do not participate in the biosynthetic route of the carotenoids capsathin and capsorubin, which were present at low levels in the constituent species of Group 1. Both of these mentioned substances belong to the red fraction of the carotenoids and are considered practically exclusive to the Capsicum genus, being synthesized mainly in pungent fruits of red, orange or brown color.
Group 2 contains the sample with the highest level of pungency among those used, 176 differing from the others by their high levels of capsaicinoids. When comparing groups 3 and 4 it can be noted that they are separated by the quantitative contents of their metabolites. While Group 3 presents high levels of carotenoids, Group 4 has a high concentration of avonoids.
Although the observed groups do not present homogeneity in relation to the species within them, it can be noted that their formation is related to the biosynthetic routes, which may indicate pepper varieties that facilitate the prospection of individuals with economic interest without the need for extensive exploratory studies. 196, 206 The high variability of the data, responsible for the formation of Group 4, can be attributed to the intraspecic and interspecic variation within Capsicum varieties, the exogenous factors such as the cultivation conditions could cause the grouping of distinct species, such as in Group 4. 158, 176 It is noteworthy that the data used were not obtained by the same analytical methods, which can also generate an increase in the variation of the response obtained for each variable, thus highlighting the importance of the use of standardized methods in chemometric studies, in order to avoid undesirable patterns of variation. 198, 199 Another strategy to reduce intra and interspecic variation is through the use of a high number of individuals to represent a given species. This was suggested by Ballard et al., despite the logistic difficulty of his proposal, a sufficient number of specimens to represent a species would be 100 individuals. 4 The best strategy for the systematic analysis of a botanical genus known for a great difficulty in the identication/ differentiation of their species would be by the usage of the 3 basic foundations that describe a botanical individual, their morphology, chemical composition and genetic code. Singh et al. 52 and Wahyuni et al. 197 used a similar approach to evaluate the chemical and genetic data of the Capsicum varieties classication. However, in both cases, it highlighted the necessity for a denition of which genes and chemical compounds are the most signicant for the systematic analysis. Part of the scarcity of data that could help in the chemosystematics study of the Capsicum genus occurs due to the wide economic interest, which means that most researchers focus on obtaining data that favors the use of these fruits by the industry, mainly the pharmaceutical sector.
Final considerations
The chemical composition of peppers enable them to be applied for different purposes. Among these uses are: a natural source of bioactive metabolites, a food additive for color and aroma, a pungent spice or even as a chemical weapon. For each of those products, the pepper need to possess a precise chemical prole, each of which can be specically designed due to the cultivation processes, if the phytochemical behavior is wellknow. A proper selection of cultivar, cultivation methods and harvest period, based on the chemical prole that is requested, can enhance the economic viability of pepper crops, increasing the reliability of post-harvest processes and production by the potential use of a lower fruit weight to obtain a product with the same quality.
One of the greatest difficulties in the metabolomic study of the Capsicum genus is the large biodiversity that exists due to the natural hybridization, domestication and genetic manipulation processes. This diversity generates a wide range of metabolomic proles within each species of Capsicum, raising the intraspecic and interspecic variability. Among the major classes of compounds found within the genus it has become a difficult task to understand the biochemical behavior of the Capsicum species when exposed to stress conditions.
A systematic study of the genus could be performed with the application of chemometric tools which are usually not applied in most of the papers published on this topic, whose focus is mainly to report a chemical pattern. It also may be necessary to divide cultivars by the main compound accumulating in their mature stage, such as lutein, violaxanthin, capsanthin, b-carotene, capsaicin, dihydrocapsaicin, sulfur volatile compound and terpenoids. This systematic study may provide a reliable form to identify cultivars, understand and predict their biochemical alteration and adaptation skills, and enable the management of cultivation areas.
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